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The straightforward synthesis of two cationic iridium norbornadiene species bearing simple bidentate
phosphines is reported [Ir(R2PCH2CH2PR2)(NBD)][BAr
F
4] [NBD ¼ norbornadiene; R ¼ tBu, Cy; ArF ¼ 3,5
eC6H3(CF3)2]. The hydrogenation of [Ir(tBu2PCH2CH2PtBu2)(NBD)][BAr
F
4] in the solution phase and in the
solid state is described in which saturated (solution) or unsaturated (solidestate) dimeric species with
bridging hydrides are formed. The solidestate structures, as determined by single crystal X-ray
diffraction, of these dimeric species are also discussed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
We have recently reported that addition of H2 to the norbor-
nadiene precursors [Rh(R2PCH2CH2PR2)(NBD)][BAr
F
4]
[NBD¼ norbornadiene; R¼ e.g. iBu, Cy; ArF¼ 3,5eC6H3(CF3)2] [1,2]
in a solidegas, singleecrystal to singleecrystal transformation [3,4]
forms the corresponding norbornane (NBA) sigmaealkane com-
plexes [Rh(R2PCH2CH2PR2)(h2:h2eC7H12)][BAr
F
4] (Scheme 1). These
complexes have pseudo square planar structures in which a Rh(I)
cation is coordinated with a bidentate phosphine and two CeH
sigma interactions. Extending this methodology to include iridium
systems would be of signiﬁcant interest in terms of the different
oxidation state manifolds the two congeners generally occupy
(Rh: þ1/þ3; Ir: þ3/þ5), as well as the role that Irecomplexes play
in the catalytic dehydrogenation of alkanes, for which sigma alkane
complexes are implicated as intermediates [5]. Remarkably, a sur-
vey of NBD complexes of iridium shows that the synthesis or
characterisation of [Ir(chelatingediphosphine)(NBD)]þ complexes
has not been reported in the open literature; although
[Ir(dppe)(NBD)]þ has been described for use in alkene hydroge-
nation, its synthesis and spectroscopic characterisation were not
described [6,7]. Simple complexes of the general formula
[IrL2(NBD)]þ are also rare (L ¼ 2 electron donor ligand) [8],
although there is more extensive literature associated with. Weller).
r B.V. This is an open access articlNBDelike tetraﬂuorobenzobarrelene ligands complexed with
iridium [9]. This is in contrast with RheNBD complexes that are
widely used as precursors for many catalytic processes [10], such as
hydrogenation [11] and hydroacylation [12], when activated by
simple addition of H2 in solution and loss of NBA.
In this communication we report the straightforward synthesis
of [Ir(R2PCH2CH2PR2)(NBD)][BAr
F
4] [R ¼ tBu, Cy] and subsequent
reactivity with H2 in both solution and the solidestate [R ¼ tBu]
[13]. This does not result in the isolation of an alkane complex, but
instead hydride bridged dimers are formed, the identity of which
depends on the phase of hydrogenation: in solution a saturated
monoecationic [Ir2H5]þ dimer is formed, but in the solidestate a
novel unsaturated dicationic [Ir2H4]2þ dimer results. Hydrogena-
tion in the solidestate of [Ir(L)(COD)]þ and [Ir(L)(C2H4)]þ cations
(L¼mono or multidentate phosphine ligand) have previously been
reported by Siedle [14,15] and Bianchini [16].2. Results and discussion
2.1. Synthesis of NBDeadducts
Addition of H2 to a CH2Cl2 solution of [Ir(tBu2PCH2CH2PtBu2)(-
COD)][BArF4] [17], also recently prepared as the [O3SCF3]
 salt [18],
in the presence of excess NBD resulted in the formation of [Ir(t-
Bu2PCH2CH2PtBu2)(NBD)][BAr
F
4] (1) as a brown solid in good iso-
lated yield (78%) after recrystallization from CH2Cl2/pentane.e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Scheme 1. Synthesis of a Rh(I) sigmaealkane complex by addition of H2 to a NBD
precursor. [R ¼ Cy, iBu].
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that it operates via Ir(3þ) hydride intermediates, which when H2 is
the limiting reagent are consumed by excess NBD to from 1 [8]. For
this reason the reaction required signiﬁcant optimisation and
monitoring using 31P{1H} NMR spectroscopy to maximise the
compositional purity and yield of 1. Although large, high quality,
crystals of 1 could be grown, structural reﬁnement was severely
hampered by the very large unit cell (Z ¼ 32). NMR, ESIeMS and
micro analytical data are, however, in full accord with the formu-
lation. The analogous cyclohexylephosphine complex
[Ir(Cy2PCH2CH2PCy2)(NBD)][BAr
F
4], 2, was prepared in a similar way
(69%, 0.11 g) [17] for which a single crystal X-ray diffraction study
conﬁrmed the structure (Scheme 2). There is no crystallographi-
cally imposed symmetry and bondelengths and angles are
unremarkable.
Both complexes 1 and 2 display a single environment in the
solution 31P{1H} NMR spectrum (e.g. d 77.5,1), and signals in the 1H
NMR spectrum fully consistent with timeeaveraged C2v symmetry.
The 31P{1H} SolideState Magic Angle Spinning NMR (SSNMR)
spectrum of 1 also shows a single signal at d 77.5, although this is
likely a 1 þ 1 coincidence as the phosphorus atoms are not crys-
tallographically equivalent. In the 13C{1H} SSNMR spectrum only 4
signals assigned to the NBD ligand are observed at d 72.8, 70.3, 58.7
and d 52.9, again presumably due to coincidence as 7 would be
expected. These are similar in chemical shift to those reported in
the solidestate for [Rh(Cy2PCH2CH2PCy2)(NBD)][BAr
F
4] [2], and in
solution for [Ir(PPh3)2(NBD)][PF6] [8].2.2. Hydrogenation of [Ir(tBu2PCH2CH2P
tBu2)(NBD)][BAr
F
4] in the
solidestate
Addition of H2 (1 atm) to crystalline 1 resulted in a rapid+ H2, excess IrP
P
R2
R2
[BArF4] C6H5F
–C8H12, –C7
Scheme 2. Synthesis of NBD complexes 1 and 2, and the solidestate structure of the cation
Ir1eC2, 2.227(7); Ir1eC4,2.208(8); Ir1eC5, 2.226(7); C1eC2, 1.389(12); C4eC5, 1.379(14).reaction, so that after 5 min of exposure to H2, and placing the
sample back under an Areatmosphere [19] the 31P{1H} SSNMR
spectrum showed the complete consumption of 1 and the forma-
tion of a new product by a single broad environment at d 99.4. The
13C{1H} SSNMR shows the absence of signals in the region
100e40 ppm, consistent with hydrogenation of the diene. The
sample looses its singleecrystallinity on addition of H2 as deter-
mined by X-ray diffraction. Recrystallisation from CH2Cl2/pentane
resulted in the isolation of pale yellow crystals in 70% isolated yield,
for which a single crystal X-ray diffraction study showed to be
dimeric, unsaturated, [Ir(tBu2PCH2CH2PtBu2)(H)(meH)]2[BAr
F
4]2 (3,
Scheme 3); presumably formed alongside NBAwhich is removed by
recrystallisation [1,2]. The solidestate structure shows a dimeric
Irecore, sitting on a crystallographically imposed inversion centre,
with an Ir…Ir distance of 2.7134(8) Å. The hydride ligands were
located (but not freely reﬁned): two sit bridging to the metals, and
two sit opposite to a vacant site on Ir in a mutually anti-
econﬁguration. There is no evidence for an agostic CeH…Ir inter-
action, with the closest Ir…C distance measured as 3.319 Å.
Although the IreIr bond distance might point to a MeM bond (and
thus a formal 18eelectron count at each metal), using electron
counting schemes recently highlighted [20] each metal centre can
be considered as Ir(3þ) and 16eelectron, leading to no MeM bond.
This unsaturated model is consistent with: (i) the high ﬁeld
chemical shift of the hydride that indicates being trans to a vacant
site; (ii) and there is no signiﬁcant structural change to the dimer
on addition of MeCN, vide infra. Unsaturated lateetransition metal
hydrido clusters are well known [21], and 3 is also related to un-
saturated dimers such as [Ru(PiPr3)2(H)(meF)]2 [22] and [Ru(t-
Bu2PCH2PtBu2)(H)(meCl)]2 [23].
The solution (CD2Cl2) 31P{1H} NMR spectrum of isolated 3 is very
similar to that observed in the solidestate (d 99.2 versus d 99.4
respectively). The room temperature 1H NMR spectrum shows two
tBu environments at d 1.37 and d 1.29 that also show coupling to 31P,
and a broad signal at d 2.15 assigned to the methylene groups. A
very higheﬁeld signal is observed at d 43.3 characteristic of a
hydride trans to the vacant site [24]. The other hydride signal was
not apparent in the 1H NMR spectrum, even on cooling to 80 C.
Repeating the synthesis of 3 in the solidestate using D2 gas
revealed a broad signal in the 2H NMR spectrum (fwhm¼ 42 Hz) at
d 1.19 which we assign to the bridging hydride, as well as a
higheﬁeld signal at d 42.7. This signal at d 1.19 would be obscuredNBD
IrP
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in 2. Selected bond distances(Å): Ir1eP1, 2.299(2); Ir1eP2, 2.290(2); Ir1eC1, 2.185(8);
Scheme 3. (A) Solidestate hydrogenation of 1. [BArF4]e anions not shown.(B) Solidestate structure of the dication in 3. Selected bond distances(Å): Ir1eP1, 2.295(3); Ir1eP2,
2.301(3); Ir1eH1, 1.906; Ir1eH6, 1.476; Ir1eIr10, 2.7134(8); Ir10eH1, 1.957. (C) Diffuse reﬂectance UVevis of 1 and 1 þ H2 (1 atm) after 1 and 30 min. (D) Diffuse reﬂectance UVevis of
3 after recrystallisation.
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an unusually downeﬁeld shift for a bridging hydride, it is not
without precedent [25], and may reﬂect the unsaturated nature of
dimeric 3. ESIeMS [26] shows a dication of the correct formula and
isotope distribution: m/z ¼ 512.39 (calc. 512.39).
The loss of NBD signals in the 13C{1H} SSNMR on addition of H2
could, alternatively, signal the formation of complex with an alkane
ligand, rather than dimer formation [1,2], which would be lost on
dissolving in CD2Cl2 at 298 K [27]. In support of dimer formation in
the solidestate reaction, rather than a sigmaealkane complex, the
addition of H2 to 1 was followed in situ using diffuse reﬂectance
UVevisible spectroscopy. This showed a clear change in the max-
ima of absorption on addition of H2, to give two peaks at 270 and
445 nm (Scheme 3C) that do not change further with time. This
spectrum is essentially the same as that obtained from dissolved/
recrystallized material of 3 (Scheme 3D), suggesting the sameIrP
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tBu2
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Scheme 4. Synthesis and Solidestate structure of the dication of 4, and synthesis of cation 5.
1.565; Ir1eIr10, 2.7658(8); Ir10eH1, 1.910. [BArF4]
 anions are not shown.complex is formed in each case. The reorganisation of the lattice
required for dimerization is no doubt the cause of the loss of
crystallinity. The direct formation of a dimer is in contrast with
[Ir(PPh3)2(COD)]3[PW12O14] that upon addition of H2 in the solid-
estate leads to, a highly reactive, encapsulated cation, charac-
terised as [Ir(PPh3)2(H)2]þ [14]. In a similar fashion addition of H2 to
[Ir{MeC(CH2PPh2)3}(H)2(C2H4)][BPh4] reacts with H2 to ﬁrst form a
monoenuclear species that only on heating (60 C) loses H2 to form
a hydride bridged dimer [16].
2.3. Reactivity of [Ir(tBu2PCH2CH2P
tBu2)(COD)][BAr
F
4] with NCMe or
H2
The unsaturated nature of 3 is further revealed by addition of
MeCN to a CD2Cl2 solution of the dimer. This results in the imme-
diate formation of [Ir(tBu2PCH2CH2PtBu2)(NCMe)(H)(meH)]2N
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Selected bond distances(Å): Ir1eP1, 2.307(3); Ir1eP2, 2.311(2); Ir1eH39, 1.217; Ir1eH6,
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31P{1H} NMR spectrum shows a single
environment at d 88.0. In the 1H NMR spectrum, as well as signals
due to the phosphine ligand, two relative integral 2H high ﬁeld
signals are observed at d 8.09 [t, J(PH) ¼ 60 Hz] and d 20.11 [br].
These signals are consistent, respectively, with a bridging hydride
that couples to two trans phosphines, and terminal hydride, which
is now shifted over 20 ppm upﬁeld compared to 3 on introducing a
trans MeCN ligand. A single crystal X-ray diffraction study
conﬁrmed the structure as being closely related to 3, but now with
two MeCN ligands orientated mutually trans (Scheme 4). In
particular the IreIr distance is not signiﬁcantly lengthened on
addition of two, two electron MeCN donors [2.7134(8), 3; 2.7658(8)
4], Complex 4 is formulated as being 18eelectron at each iridium
centre with no MeM bond.
Addition of H2 to a CH2Cl2 solution of 3 results in the rapid
formation of the pentahydride monocation
[Ir2(tBu2PCH2CH2PtBu2)2(H)2(meH)3][BAr
F
4], 5, as the only organo-
metallic product, presumably with the concomitant formation of
[H(solvent)][BArF4]. 5 can also be formed by direct addition of H2 to
1 in CH2Cl2 solution. The 1H NMR data of 5 show two hydride
resonances d 26.3 (2H) and d 7.98 (3H) assigned to terminal and
bridging hydrides respectively. A single crystal X-ray diffraction
study conﬁrmed the formulation [17], as did ESIeMS that showed a
monoecation at m/z ¼ 1025.50 [M]þ (calc. 1025.48). Related hy-
dride bridged monocations have been previously reported, that
arise from the solutionephase addition of hydrogen to [Ir(COD)(L2)]
[anion] precursors (L2¼monodentate or bidentate phopshine), and
are generally considered to be deactivation products in catalytic
processes such as alkene hydrogenation [28e30]. Here we show a
likely route to their formation, from dimerization of a ﬁrsteformed
[Ir(L2)H2]þ fragment to form an unsaturated species analogous to 3.
Subsequent coordination of additional H2 followed by solvent
promoted heterolytic cleavage [31], leads to the observed product.
In the solidestate this presumably does not happen, as although H2
likely coordinates reversibly to the vacant site [21], the absence of
exogenous base (solvent or trace water) means that deprotonation
leading to heterolytic cleavage does not occur.
3. Conclusions
We report a new, convenient, route to
[Ir(chelatingephosphine)(NBD)]þ cations that we believe could
have signiﬁcant application in synthesis and catalysis, given the
widespread use of analogous {Rh(NBD)}þ systems. Unlike the
Rheanalogues addition of H2 in a solidegas reaction does not form
an alkane sigma complex, but instead an unusual unsaturated
hydridoebridged dicationic dimer is formed as the only organo-
metallic product. Attempts to prepare this by solution base-
deroutes form, instead, an electronically and co-ordinately
saturated monoecations. This, again, highlights the advantages
that the solidestate can offer in synthesis of reactive organome-
tallic species [3,4,32,33].Acknowledgement
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